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ABSTRACT

Experimental measurements are reported on high temperature air
and other gases to establish the source of a band of radiation observed at
4. 0A. Both a 1 atm arc jet and a shock tube were used to provide a tern-
perature range of 5400-8000°K in air. Experiments established that the
radiation was not due to common impurities, and that both 02 and NZ are
necessary for its appearance. Measurements made on the arc facility with
60 R resolution showed definite structure and indicate that the radiation is
a compact molecular band. The arc and shock tube data can be correlated
by assuming that the radiation originates from NO with an excitation energy
of about 8 eV. Attempts to identify the band with a transition between known
Rydberg states of NO were unsuccessful, but a possibility exists that the
transition could occur because of an interaction between certain Rydberg and
non- Rydbe rg states.
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I. INTRODUCTION

In a shock tube study on the "Continuum Infrared Radiation from
High Temperature Air and Nitrogen, " Taylorl found evidence of a band
system in the region of 3. 6 - 4. 0 1, the source of which was unknown. In
that study, the "4/1 band" radiation was found to be about a factor of 2 above
the background of the neutral Bremsstrahlung in air at 8000 0 K and a density
of 0. 9 STP. No spectral details were obtained nor was any attempt made to
identify how the intensity scaled with the concentration of possible radiators
in the high temperature air. Although Taylor speculated on the sou, ce of
the 4g radiation, it was concluded that more work was needed to establish
its origin.

The present publication describes the results of an experimental
program directed towards obtaining (1) high resolution spectra of the
"4i band, " (2) the temperature dependence of its absolute intensity, and
(3) its scaling with concentration of the components of high temperature air.

In order to accomplish this program, two different laboratory
facilities were emnloyad, i. e. , a conventional shock tube and a one atmos-
pnere arc jet. The shock tube yielded integral intensity measurements of
the radiation from air behind the reflected shock covering a temperature
range of approximately 6000 to 8000 0 K. Other gases were studied over a
wider range of temperature. The arc facilitny gave both integral intensity
measurements and high resolution (AX = 60 A, full width at h alf height)
absolute intensity spectra around 6000 0 K.

The possibility that the source of the "4gi band" was an impurity was
rk investigated in both facilities and it was shown that this was not the case.IThe high resolution spectra show considerable detail and rule out atomic

line radiation and, in particular, sodium line radiation. Both the shock
tube and arc data scale well with NO concentration, and, in the temperature
region of overlap (- 60000E), the NO scaling accounts nicely for the factor

I of 70 in the absolute intensity between the two measurements.
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H. EXPERLAENTAI, TECHNIQUE

A. Arc

The arc facility used in thest experiments has been described in
detail in several previous publicationr,.. ,3, 4 The synthetic air (and other

gases) exiting from the arc was showr: to be in equilibrium in that earlier
work. In the present study the 1.9 cn. iameter exit nozzle was used, and
the radiation was monitored within a fe%. mm of the exit plane. The tem-
perature of the arc heated gases is calu0ated from the arc energy balance
assuming the gas to be in equilibrium.

The arc and associated optical system is shown in a highly schematic
diagram in Fig. 1. The basic external optical system consisted of two 45o
mirrors and a 24 inch focal length spherical mirror, the magnificaticr. 'f
this system being unity.

A Perkin-Elmer Model #98 monochromator was used as a dispersion
instrument; a motor drive enabled wavelength scans to be made. The

f radiation from the arc was chopped at about 1, 001) cps just before entering
the instrument. The dispersed radiation exiting itom the instrument was
detected with a liquid nitrogen cooled indium antimonide cell, the output
of which was passed through a narrow band pass fil-ter (General Radio Wave
Analyzer Model 1900-A) centered at the chopping fr,quency before being
recorded on one beam of an oscilloscope. The electtonics were such that
the sensitivity of the system was limited by cell noii,-. Both D.C. and
A. C. (100 KG carrier wave) outputs from the Genera; Radio filter were used.

The wavelength calibration of the instrument wa.; obtained between
1 and 5. 5g (the entire range of sensitivity of the detect .- ) using numerous
IR standard absorption bands. A wavelength calibration signal was gener-
ated during the actual runs by means of a battery and variable resistor
which was rotated by the motor drive. This calibration signal was displayed
simultaneously with the radiation signal on the dual beam oscilloscope.
For the high resolution spectra, a precise wavelength calibration was made
employing an absorption cell containing HBr, which has 6 rotational lines
between 3. 934 and 4. 07 8 A in its fundamental vibration-rotation band. 5
Absolute intensity calibration of the entire optical system and detector was
accomplished with a blackbody source at 500 0 C. The monochromator has

* equal entrance and exit slits which, of course, yield a triangular wavelength
resolution function. The theoretical half width A, of this resolution for the
calcium fluoride optics used has been given by Streiff and Ferriso. 6
Experimental verificaticn of the theoretical resolution function was carried
out using several atomic lines in the IR. For the low resolution runs, the
slit width was 0. 5 mm (slit height = 3. 5 mm) which corresponds to AX =

600 R . A 1 rpm motor was used to drive the wavelength scan, it taking
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about 45 sec to scan from X 3. 80 to 4. 1 5 p, The high resolutio: runs,
made only at the highest temperatures where there was sufficie,,It Intensity,
were made using a slit width of 0. 05 mm yielding a AX = 60 R. In order
to obtain an adequate signal to noise ratio with the narrow slit, the slit
height was increased to 12 mm, and a concave mirror for d¢oubling the
optical path was placed on the far side of the nozzle (see Fig. 1). Further-
more, the scanning motor speed v..s reduced to 0. 1 rpm, it taking about

& 200 sec to scan from X = 3. 92 to 4. 0 9tL These high resolution runs employed
the D. C. output from the General Radio filter and the signal was averaged
with an integrating circuit with an RC = 1. 5 sec before display on the
oscilloscope.

To investigate the effects of metal impurities, water solutions of
Lthe nitrate salts of various metals including Cu, Ca, Sr, K and Na were
finjected into the arc heated air at the entrance to the arc plenum chamber.

The H2O amounted to 1% of the flow and the metal concentrations were about0. 1 mole % of the total air flow. Wavelength scans were made of the 4 A
jregion simultaneously with constant solution injection.

To find out whether the 4g radiation emanated from the free stream
as opposed to the outer edge of the arc heated gas (i. e. , the boundary layer
originating on the copper nozzle), a few experiments were carried out using
a scanning slit technique. 7 For this part of the study, a rectangular nozzle
(1/2t high, 1" wide) was employed and a narrow, horizontal, motor driven
slit was located between the monochromator entrance slit and the 1 kc
chopper. The monochromator was set for 4i and the slits were opened so
that the band pass encompassed the whole 4 ti band. The image of the driven
slit was perpendicular to the entrance slit image and during a run it scanned
vertically. Thus, as a function of time, the detector first saw the 4 4 radia-
tion emanating from the 1" long boundary layer on the bottom of the nozzle
followed by the thin boundary layer on both sides of the nozzle plus the free
stream.

B. Shock Tube

The shock tube used in this experiment and the associated optical
instrumentation are described in detail in Ref. 8. The shock tube was of
conventional design and has a total length of 12 feet. The low pressure
section was terminated by a 1-ft-long square test section of inner dimension
1. 38 inches. The test section was joined to the rest of the shock tube
through a 1-ft-long constant area transition section. The remainder of
the shock tube was of cylindrical cross section, 1. 5 inches in diameter.
The entire shock tube was constructed of stainless steel except for the
aluminum test section.

To generate shocks either pressure breaks or, for the higher tem-
peratures, combustion driving were used to rupture the diaphragm. The
measurements were made behind the reflected shock, and the conditions of
the shock heated gas were determined by measuring the incident shock
velocity and asstzning that equilibrium prevailed behind the reflected shock.
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For the conditions discussed in this study the equilibrium assumption has

been shown to be reasonable. 8 The incident shock velocity was measured
by a set of 6 thin-film heat transfer gauges placed at intervals along the
shock tube.

The square test section was used to faciliate the mounting of two
plane, sapphire windows at opposite sides of the tube. The windows were
0. 75-in-diameter and 0. 040-in-thick and were positioned so that the center
line of each window was 0. 24 inches from the end plate of the tube.

The radiatioii behind the reflected shock was scanned in the vicinity
of 4. Og using a synchronized, high speed, scanning spectrometer described
in detail in Ref. 9. A reflective optical system imaged radiation from the
shock heated gas o ito the entrance slit of this spectrometer. The scanning
is achieved by means of a magnetically rotated mirror which sweeps the
dispersed radiation over the exit slit of the spectrometer. The mirror can
be accelerated to a constant velocity in 15-tisec, and the scan can be syn-
chronized with the passage of the shock by the viewing station. The spec-
trometer scans 0. 02 it/gsec with a spectral resolution of 0. 07/A (full width
at half height). The radiation is detected at the exit slit with a liquid
nitro'en cooled, indium antimonide detector.

The position of the scanning mirror is monitored by an independent
optical system which reflects off the back side of the mirror. This monitor
signal is displayed simultaneously with the signal from the infrared detector
on a dual beam oscilloscope and provides an internal wavelength calibration
on each run. 9

To determine the absolute intensity of the continum radiation, the
spectrometer was calibrated against a blackbody source. The calibration
was carried out in the same geometric arrangement as used to obtain shock
tube data, the source replacing the radiating gas. To minimize atmospheric
absorption due to CO 2 or H 20 vapor, the end of the shock tube, the spectro-
meter, and the optics-were enclcsed in a box and purged with dry NZ. The
absolute calibration is believed accurate to within 5-10 %. The wavelength
calibration of the spectrometer was determined by scanning known scurces
in absorption and is believed known to within + 0. 01L 9

The air used in this experiment was prepared by mixing O2 and N2

in the ratio of 1:4. The N u'ied As Matheson prepurified grade claimed
by the manufacturer to contain 2 ppm of 02 as the only impurity. The 02
was Matheson extra dry grade stated to be 99.6% 02 with no specification
of impurity content. The Ne, Ar, and Xe were research grade gases stated
to have the following minimum purities: Ne - 99. 9993%; Ar - 99. 998%; and
X, - 99.995%.

Before each run the shock tube was evacuated to pressures less than
3 x 10 - 5 torr with measured leak rates of 0. 2 - 1. 0 x 10- 3 torr/min. The
initial pressures of the test gases varied between 10 to 100 torr.

-6-
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III. EXPERIMENTAL DATA

A. Arc

In Fig. 2 is shown a composite reduced wavelength scan made on
arc heated air at T = 57600 K in which the complete region of sensitivity
of the InSb detector was explored in several runs. The slit width was
0. 5 mm. It was in runs such as this that the "4g band" was rediscovered
on the arc facility. These runs were made with synthetic air (just N and
02 in the appropriate ratio); the CO radiation observed in the vicinity of
4. 3 g is due to entrained CO 2 from te ambient atmosphere. The entrain-
ment of CO 2 (and other ambient impurities) could be made negligible by
bleeding in an inert buffer gas (Ar, He, N 2 ) symmetrically from a ring
surrounding the exit nozzle. This technique eliminated the 4. 3ti CO 2
radiation but left the "4. 011 band" unchanged. Other features of interest
are identified in Fig. 2, and a theoretical Bremsstrahlung calculation is
shown for comparison. This calculation uses the effective Z? for neutral
Bremsstrahlung from 0 N and N? as a function of wavelength given by
Taylor and Caledonia. ld

In Fig. 3a is shown a typical oscillogram for a high resolution run.
The D. C. display mode was used, The temperature for this run was 5790 0 K.
The wavelength calibration used for the high resolution runs is shown in
Fig. 3b. Seven such high resolution runs were made between 5500 and
5800 0 K.

As indicated above, runs were made with injected impurities to
investigate possible impurity sources of the "41 band, " Because of its
common occurrence as an impurity and the coincidence of several of its
lines with the 411 band region, one strong possibility was sodium. In
Figs. 3c and d are shown high resolution spectra (A. C. mode) of synthetic
air and synthetic air plus 0. 1% Na. The Na contaminated run clearly
shows the expectedll Na lines at 3. 986 and 4. 046 11, but no enhancement of
the "4. 0 /1 band. " Similar runs were made with solutions of the nitrates
of Cu, Ca, Sr, and K.

B. Shock Tube

Typical data obtained behind reflected shocks in air and N2 with the
high speed scanning spectrometer are shown in Fig. 4a and 4b respectively.
He-'re, as in all the shock tube work, the spectral resolution was 700 R
(full wi-Ith at half height). In both sets of oscillograms the top trace is
the infrared signal from the scanning spectrometer, the middle trace is
:r,,m thc - avelength signal generator (from which the wavelength scale
;rnrn.:diately below has been constructed), and the bottom scale is the
rj,(er,it(jr PM signal which indicates the uniformity of the test gas.
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in the vicinity of 4M was 600 A. The theoretical Bremsstrahlung
calculation is based on the experiments of Ref. 10.
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Fig. 3 (a) Typical high resolution oscillo ram (D. C. display mode)
T = 5790 0 K. Resolution = 60 A(full width at half height).

(b) Wavelength calibration used for high resolution runs.
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Fig. 4 (a) Typical data obtained behind reflected shock wave in air.
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Fig. 4 (b) Typical data obtained behind reflected shock wave in nitrogen.
Pl = 10 torr, U s = 3.76 mm/11 sec, T 4 = 7220 0 K.

-- I

-12



As c.n be seen by comparing the top traces in 4a and 4b, the air
exhibits a 4. OA band while the N2 does not. Atmospheric CO 2 absorption
can also be seen at 4. 261. In these experiments room air had not been
completely purged from the optical system. Similar data were also
obtained for Ne, Ar, Xe, and Ne-0 2 mixtures. In Ne at temperatures
between 7000-10, 000K lines or groups of lines were observed at 3. 89 +
0.003 and 4.16 + 0. 004pi Ai T = 10, 000 to 16, 000°K, besides the two
original lines, a third feature arose centered at 4. 0011. In the 20% 02 - 80%
Ne mixture at T = 7000-10, 000°K only one feature was apparent with a peak
wavelength of 4. 03 + 0. 011.E In Xe from 7900-91000 K a feature was apparent
at 3. 90g with no line at 4. 00p. Ar presented an interesting case since at
all temperatures studied, T = 8100-12, 000°K, there was a strong line(s)
apparent at 4. 00 + 0. 0 0 6M

In a few experiments small amounts of H2 or C H2 were added to
the test gases with no noticeable change or enhancement of any of the
features in the vicinity of 4. 0 Also for air, N2 , and Ar a drum camera
spectrograph was used to look for the Na resonance doublet at 5890 and
5896.R. As expected, Na emission was observed. Using the spectrometer
as a monochromator, the absolute intensity of the Na resonance line was
measured, and an estimate of the neutral Na concentration in Vie gas obtained.

-13-



IV. DATA ANALYSIS

The scanning slit runs made with the rectangular nozzle showed a
continuous rise of radiation through the nozzle boundary layer followed by
a constant radiation level through the free stream. This indicated that
the 411 radiation came from the main body of the arc heated air and not
from the boundary layer. In the shock tube it was found that the time
dependence of the 411 radiation was the same as the neutral Bremsstrahlung
which suggests that here too the radiation eminated from the bulk gas.

The shock tube study of the sodium D line intensity yielded an
estimate of the Na concentration. This estimate can vwry considerably
depending upon the temperature assumed for the radiating sodium, i. e. ,
whether the sodium is assumed to be radiating from the free stream or
the boundary layer. However, if the same temperature is used for deter-
mining both the sodiur concentration from the resonance emission and the
f-number of the 44 radiator, then the f-number deduced for the latter is much
greater than unity. Alternatively, this means that much more sodium is
necessary to account for the 4p, radiation than is in agreement with the sodi-
um resonance line emission intensity. In any case, the high resolution
spectra of Figs. 3c and 3d demonstrate beyond any doubt that the 4Ai band
is distinctly different from the Na line emission. Similarly, potassium
shows the 4. 01 2, line and the group of lines around 3. 73p, as expected from
the litere ture. 11 The potassium radiation at 3. 7311 is not seen in the
"tclean" air. In total, these experiments rule out the metal.ic impurity
hypothesis for the 4. Oil emission.

The shock tube data on the various gases add further substantiation
to the conclusion that the 4. Op radiation in air is not due to some universal
impurity. The data on N 2 (see Fig. 4b), Xe, low temperature Ne, and the
20% 02 - 80% Ne mixture show no 4. 0Og radiation. However, Ne at tem-
peratures above 10, 0000 K, and Ar do show anomalous radiation at about
4. 00p. It is believed that all of the features observed in the noble gases in
the vicinity of 4. 011 are due to line radiation occurring between excited states
lying close to the ionization limit of the neutral atom. Irfrared lines in the
noble gases have been previously observed 12 and Ne and Xe have been made
to lase in the vicinity of 4. 0, in an electrical discharge. 13

To check the possibility that the 4, 00p, radiation might be due to
lines, calculations were performed for the conditions of the Ar and Ne
experiments. These calculations used appropriate energy levels close
to the ionization limit of these atoms that were separated by 4. Op. An
f-number of 1.0 was also assumed. The calculations used the path length
of the experiment and took account of the optical thickness. Both electron
and neutral broadening mechanisms were estimated according to the method
of Griem. 14
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Because of the various as'ximption" Lhese calculations can only be
considercd approximate. .l-o:wever, 0k comparison with the data was fairly
good both in terms of :.1,solute mp;.iitude and in terms of temperature
dependence of thp A'iation. iie Ne calculations indicated that the line
radiation sb.d±; be oi.,j .Jiy thin while that from the Ar was becoming black
at the higher temr-Latures. The general agreement of the calculations and
d.,.ta o port .u belief that the radiation observed in the case of Ne and Ar
- 4.. 0,, %, due to highly allowed line radiation originating from closely
spa,:ed excifed states lying near the ionization limit.

An example of the highest resolution 4p1 spectral scan data was shown
in Fig. 3a along with a wavelength calibration accomplished by scanning the
absorption spectra of HBr (Fig. 3b). Seven runs, all at relatively high tem-perature, similar to that shown in Fig. 3a were made. Smooth curves were
drawn through the oscilloscope traces consistent with the instrument resoln-
tion, and, with the aid of black body intensity calibrations and the HBr wave-

length calibration, the data were reduced so as to produce absolute intensity
versus wavelength plots, such as is shown in Fig. 5. The features shown in
this spectrum are highly reprod cible except that identified in Fig. 5 asX
which is in the noise and is not .:learly present in all the runs. In Table Pthe
spectral features indicated in Fig. 5 are tabulated for all seven runs.

The discussion given above clearly rules out common metal impurities
as a source of the 4g radiation in air; also, as indicated above, traces of
CO 2 or HO cannot be its source. Furthermore, the shock tube data show
that neither NZ nor 02 by themselves yield the 4/.L band. The high resolution
spectra taken in the arc are highly indicative but, of course, do not absolutely
prove, that the 4g radiation is indeed a "band" as opposed to atomic line
radiation. Hence, we are led to believe th-t this radiation emanates from the
NO molecule, a significant component of equilibrium high temperature air.

To test this hypothesis the integrated absolute intensity of the 4. 0,1
radiation in air obtained on the arc from 5400 to 58000K and on the shock
tube from 6000 to 80000K have been scaled by the NO particle density and
plotted together on an Arrhenius plot as shown in Fig. 6. This scaling
correlates both sets of data and produces a reasonable straight line over the
entire temperature range. At 6000 0 K, which is the lowest temperature
shock tube data and the highest temperature arc data, the NO scaling properly
adjusts a factor of 70 in the ratio of absolute intensities obtained from the
two experimental techniques. The shock tube data treated by itself yields a
least squares slope activation energy of 7. 8 eV.

-16-
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shown.
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V. THEORY

As indicated above, it seems likely that the 4g band of radiation
in high temperature air is due to molecular radiation from NO. A potential
energy diagram for nitric oxide has been prepared by Gilmorel 5 and is
reproduced in part in Fig. 7. During the progress of the present experi-
mental work, it was considered possible that the 4g band originated from a
radiative transition between two Rydberg states of NO. The reason for this
was that some of these transitions tend to have a high f-number and a narrow
wavelength extent 4 , both of these properties being exhibited by the 4ti band.
The computed wavelengths of the band origins for the 0, 0 transitions be-
tween the ten lowest lying Rydberg states of NO are given in Ref. 4 (Table II).
Of the 45 conceivable transitions, 10 fall within the range 2. 5_< X -- 5. 5/.
One of these cases, M? Z 2 - FA (band origin X = 3. 834//), has &A = 2 which
is a forbidden transition for Hund' s case b. ?2Z+ states are always case b
and the F 2 A state is believed to be near case b. 1 6 Hence, this transition
was not considered as a possible source of the 4 p radiation.

For the remaining 9 possible transitions (H-E, H' -- E, K-E,
M--E, K--F, M--H, M-H', S-K, and S-M), detailed spectral
computations were carried out at 5700 0 K using the theoretical model given
in detail in Ref. 4. These were line by line computer calculations carrying
rotational quantum numbers J up to 200. Only the 0, 0 and 1, 1 bands were
considered; the Franck-Condon factors qv',v" were set equal to unity. The
lines were summed in intervals of 60 R corresponding to the high resolution
experiments.

The results of these calculations were that only the S2 Z + -- Mz +

transition could possibly be responsible for the 411 radiation, the other 8
systems producing spectral shapes whose dominant features and their
wavelengths were completely dissimilar to the experimental spectrum.
The S - M calculated spectrum is shown in Fig. 8; comparison of it with
the experimental spectrum of Fig. 5 shows that the two spectra are really

quite dissimilar also. However, it should be pointed out that the exact
wavelengths of the band heads Roo and Rll are very sensitive to the values
of Bv for the two states involved. These spectroscopic parameters may
not be known sufficiently well to definitely eliminate the S - M transition as
the source of the 4ti band.

On the other hand, the S - M system interpretation of the data would
demand an unacceptably large f-number. The synthetic spectrum of Fig. 8
assumes unit f-number, An experimental f-number can readily be deduced
by comparing the I/NO -i. 5 x 10 "21 watts/NO particle-ster from Fij. 6
with the computed integrated intensity of Fig. 8 which is 3.08 x 10- . After
applying a correction factor of 1.48 for the effect of neglecting vibrational
states of v' > 2, an effective absorption f-number of 3. 3 is calculated.
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Another possible explanation of the 4 g radiation is a transition be-
tween Rydberg and non-Rydberg states of NO similar to the well known
B'A - C2 11(4, 1) system. 17 There are ample possibilities for such to
exist, i.e., it has been pointed out that the non-Rydberg states B'(v=6)
and L(v=2) interact with the Rydberg states F(v=Z) and K(v=O), respectively. 1 8

Hence, transitions B' - K(6,O) and F - L(Z, 2) are possible and, further-
more, the energies are such that the radiation would occur at about 4g.
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VI. SUMMARY AND CONCLUSIONS

In the present work it has been shown that the 41 band of radiation
from hot air in both the arc and shock tube cases is indeed attributable to a
component of high temperature air. The impurity hypotheses has been explored
in depth and has proved negative. The high resolution data strongly suggest_
a compact band system. The shock tube and arc data scale well with nitric
oxide concentration and indicate an excited state lying about 8 eV above the
ground NO state.

Rydberg-Rydberg transitions were considered as possible sources
but the results of detailed synthetic spectra calculations were mostly negative
with just an outside chance that the source of radiation is due to the
S2 -+ - M2Z+ system. More likely, however, the 4A band radiation is due
to a non-Rydberg- Rydberg transition.
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